Introduction
Amorphous hydrogenated carbon (a-C:H) films have attracted considerable attention in recent years for many reasons, such as excellent corrosion resistance, high hardness, high wear resistance, and good biocompatibility [1, 2] . Therefore, these films have the potential for many applications, for example, magnetic storage disks, automotive industry, biomedical parts, and solar cells [1] [2] [3] . The structure of a-C:H films is complex, being comprised of an amorphous mixture of sp 2 and sp 3 hybridized carbon atoms combined with hydrogen atoms in the local structure [4] . The chemical structure in terms of the coordination of carbon (sp 2 and sp 3 hybridization) and hydrogen atoms is one of the most important factors governing the quality of a-C:H films. The chemical structure of these films can be extracted using various conventional methods, such as Raman spectroscopy, Auger electron spectroscopy, and electron energy-loss spectroscopy [5] . However, in the last decade, powerful techniques, such as near-edge X-ray absorption fine-structure (NEXAFS) spectroscopy and photoelectron spectroscopy (PES), have been combined with the use of synchrotron radiation (SR) to study the chemical characteristics of films [6, 7] . Previous works [4, [6] [7] [8] have reported that both NEXAFS and PES can successfully extract the chemical structures of diamond-like carbon (DLC) films. SR is a source of electromagnetic waves that has several distinctive advantages over conventional sources, including broad spectrum, high brightness, high degree of collimation, well-defined polarization, and pulsed time structure [9] . Therefore, the SR source is one of the best sources for characterizing the local structures of films.
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Because NEXAFS spectroscopy probes a nanometer-scale depth, the structural information gained by this analytical method may differ from the outcomes of analyses performed using techniques that provide different information in the depth direction [10] . NEXAFS spectroscopy is sensitive to the coordination of carbon atoms because it probes the absorption of SR by excitation of core electrons into unoccupied states. This probe exhibits strong and striking features of the absorption edge (e.g., K-edge), enabling the identification of the bonding configurations and hybridization states of carbon atoms in the near-surface region [9] [10] [11] [12] . For a-C:H films, the spectrum has been decomposed into the main two-edge structure originating from * and * orbitals, and the bonding configuration structure has been studied in detail [13, 14] . This spectroscopy has been established as an efficient method to quantify the sp 2 content of the film [15] [16] [17] . However, only a small number of studies have been performed to date [11, 15] on the compositions and bonding states; such studies provide deep insight into the evaluation of a-C:H films at various thicknesses.
In a previous study by Buijnsters et al. [4] , the stability of hydrogen atoms in a-C:H films indicated that these atoms were terminated within the carbon matrix. To date, the relationship between the atomic compositions of hydrogen and carbon in these films has primarily been investigated using the combination of elastic recoil detection analysis (ERDA) and Rutherford backscattering spectrometry (RBS) with 2.5 MeV-He + irradiation, which is optimal for estimating the relative hydrogen content [18] . By analyzing the data from both methods, it is possible that nearly isolated hydrogen atoms exist in the films.
The relationship between film thickness and the true density of the film is important for characterizing the compositions and bonding states of films. According to recently reported papers [21, 22] , the film thickness plays an important role in the formation not only of the surface characteristics but also of the feature of the * peak of the NEXAFS spectra. It has been interpreted that the atomic compositions of the film depended on the variation of the thickness. Thus, the film thickness is an attractive parameter to examine in conjunction with the compositions and the bonding states. For measuring the film thickness, the X-ray reflectivity (XRR) is a powerful technique due to its nondestructive nature for determining the layer thickness and true density of films.
The aim of this study is to investigate the chemical characteristics of films, particularly the compositions and bonding states at various thicknesses using NEXAFS spectroscopy at the 3.2a beamline at the synchrotron facility in Thailand. In addition, hydrogen content analysis is performed using the combination of ERDA and RBS in this work.
Experimental
First, the p-type silicon (Si) substrates were prepared into samples of 1 cm × 1 cm × 0.1 cm in size. All of the substrates were gently washed in the ultrasonic batch filled with the acetone and ethanol solutions each for 45 min. Before undertaking the film deposition process, the Si substrate surfaces were sputtered by argon ions at −0.3 kV of bias voltage to remove the native oxides formed on the substrate surface. Next, the a-C:H films were deposited onto the Si substrates via a radio-frequency plasma-enhanced chemical vapor deposition (RF-PECVD, 13.56 MHz) method with −0.4 kV of bias voltage under a working pressure of ∼26.6 Pa. The films were fabricated from 25 cm 3 /min benzene (99.99%), 15 cm 3 /min hydrogen gas (99.999%), and 15 cm 3 /min argon gas (99.9999%), with their flows being controlled by mass flow controllers (MFCs).
The thickness and true density of the a-C:H films were measured using XRR equipped with a Cu-K radiation source emitting at a wavelength of 1.541Å. The XRR profiles of the films were simulated by using GXRR software, which is the commercial package of analysis based on Parratt's method [23] .
The NEXAFS measurement was performed at the end-station of the 3.2a beamline in the Synchrotron Light Research Institute (Public Organization), Nakhon Ratchasima, Thailand. The beamline photon source covers an energy range of 40 to 1040 eV at the resolving power of 10,000. The SR source at the storage ring was generated using a beam energy of 1.2 GeV; the details of this beamline's specifications and performance were reported elsewhere [24, 25] . The NEXAFS spectra were measured in the total electron yield (TEY) mode at an incident angle of 60 ∘ , and the light polarization was parallel to the surface (s-polarization) at any light incident angle; that is, there was no influence of the X-ray polarization. The intensity of the incident photon beam ( 0 ) was monitored at a gold mesh in front of the samples, enabling the TEY signal to be normalized by 0 . The total energy resolution was ∼0.5 eV. The C K-edge NEXAFS spectra were measured in the energy range of 280 to 320 eV at an energy step of 0.1 eV. In this study, the absolute sp 2 content was evaluated from the * peak of C K-edge spectra, following the procedure given in the literatures [15] [16] [17] .
The hydrogen content was measured via ERDA and RBS to support the results of NEXAFS, as described in more detail elsewhere [18, 26] . Both ERDA and RBS were performed using an electrostatic accelerator (NT-1700HS: Nisshin-High Voltage Co.) located at the Extreme Energy-Density Research Institute, Nagaoka University of Technology, Japan. The spectra of the samples were acquired by using a 2.5 MeV-He + ion beam impacting the sample surface at an incident angle of 72 ∘ with respect to the surface normal of the sample. For ERDA and RBS measurements, He + ions that collided with and were scattered elastically by the sample were detected with a solid-state detector (SSD) arranged at 78 ∘ and 12 ∘ of the ERDA and RBS, respectively, with respect to surface normal of samples toward and backward from the incident beam, respectively; these data pieces were used to obtain the hydrogen contents of the films. layer between the film and the Si substrate was used [27] . The gray curves in Figure 1 are the simulation profiles with the appropriate thickness and true density values of the films at the incident angle range of 0.2 ∘ to 2.6 ∘ . The relationship between the thickness and true density of the a-C:H films as a function of the deposition time is shown in Figure 2 . The evaluated film thicknesses from the XRR profiles of the A, B, C, and D samples were 55, 101, 118, and 143 nm, respectively. From these results, it can be interpreted that, with the increase of the deposition time, the film thickness increased with a deposition rate of ∼15.8 nm/min. Generally, the deposition rate for the initial deposition is distinctively larger than that for a longer duration, while the latter becomes almost constant for a long deposition time, as discussed in [28] . Therefore, the deposition rate depends on several parameters, such as temperature and bias voltage [29] . Moreover, the true density measurement showed that the densities of films A, B, C, and D were 1.77, 1.75, 1.76, and 1.78 g/cm 3 , respectively, which are almost independent of the film thickness. From this observation, it is not necessary to consider the true density in discussing the sp 2 content. Thus, the description in terms of the sp 2 content is directly related to the hydrogen content as a function of the film thickness.
Results and Discussion

sp 2 Content Measurement of a-C:H Films by NEXAFS.
The C K-edge NEXAFS spectra of the a-C:H films at various thicknesses are shown in Figure 3 . The spectra of all the a-C:H films were decomposed into the primary two-edge structures. The preedge resonance located at 284.6 eV is associated with C 1 → * (C=C) transition from sp 2 site, including the contribution of the * (C≡C) state. However, this peak is barely observed in the diamond spectra because diamond consists of only carbon atoms in sp 3 site [5] . The high energy-edge from 288.6 eV to 320.0 eV is related to C 1 → * (C-C) transitions from sp, sp 2 , and sp 3 hybridization, presenting a broad structure of amorphous carbon film due to the different superpositions of sp 2 and sp 3 arrangements and atomic intermixing [19, 30] . Surprisingly, the peak located at approximately 286.6 eV was found to be attributed to the * (C-H) state, which indicates bonding between the carbon and hydrogen atoms in the local structure of the a-C:H films. Note that the intensity of such * (C-H) peak is closely correlated with the hydrogen content evaluated from ERDA and RBS. However, there is an obvious * (C-C) state located at approximately 288.8 eV that may be partially replaced by the * (C-H) state via the hydrogenation process, leading to the suppression of the * (C-C) state. In addition, some contributions from oxygen atoms might exist in the form of the * (C=O) and * (C-O) states in the range of 286.0 to 290.0 eV and ∼305.0 eV due to contamination from the environment [14, 20] . Note that the edge jump at around 290.0 eV (ionization potential) was fitted with an errorfunction step and the subtracted spectra are decomposed into Gaussian peaks [11, 16] .
To clarify the features of the C K-edge NEXAFS spectra, the peak positions obtained in the present work are compared with those in previous works [4, 10, 19, 20] ; for this comparison, the peak positions of the a-C:H films are summarized in Table 1 . Clearly, the peak positions are almost independent of the synthesis and growth conditions. Although we used the same method for growing the films as in the previous work [10] , we successfully obtained all the main peak positions from the features of C K-edge NEXAFS spectra. In particular, the peaks of the * (C=C) and * (C-H) states are explicitly observed in the spectra. Note that the features of amorphous carbon based materials from NEXAFS spectra can possess a near-surface region where the sp 2 -hybridized state is promoted. However, note that the intensity of * peak is slightly lower as the thickness increases from 55 to 143 nm.
The isolated * peak appears in the C K-edge NEXAFS spectra, corresponding to the carbon sp 2 bonding state formed in the a-C:H films. The arrangement of the sp 2 site in the local structure specifies the electronic, corrosion, and optical properties, while the sp 3 site controls the mechanical properties as well as the structure of the film [1] [2] [3] . Thus, the absolute sp 2 content in the films must be extracted using a quantitative analysis method. The sp 2 content can be extracted by normalizing the region of the resonance corresponding to C 1 → * transitions at 284.6 eV of the NEXAFS spectra. In practice, the integrations are performed separately in the regions of 280 eV to 286 eV and 291 eV to 320 eV for the * and * peaks, respectively, to avoid the influence of the * (C-H) state. As a result, Figure 4 clearly shows the absolute sp 2 content and the hydrogen content as functions of the film thickness. The sp 2 content gradually decreases as the film thickness increases. The estimated absolute sp 2 contents of A, B, C, and D are 73, 69, 66, and 65%, respectively, which displayed sp 2 -rich (>60%) a-C:H films. The reduction of the sp 2 content may cause the change of the unique properties of the films, such as electronic and optical properties [1] . In contrast, the sp 3 content is considered to increase with the increase of the thickness; however, note from the results presented in Figure 2 that the hydrogen content and the film thickness should be appropriately controlled to obtain the high quality of films. It has been reported that a-C:H films deposited by a CVD method have the stable sp 2 structural arrangement near the edge of the surface. Hence, the dose of ions with high kinetic energy with increasing deposition time may break the sp 2 structure on the surface and subsequently
replace it with the sp 3 structure [2] . The observed relationship between the sp 2 content and the film thickness indicates that it may be feasible to classify them into two groups. The first group, at approximately 73% sp 2 content, was designed for a film thickness of approximately 55 nm. The second group, with an sp 2 content between 65% and 69%, was designed for film thicknesses from 101 to 143 nm. From the above considerations, the film thickness may play an important role in the bonding formation of the chemical structure in amorphous carbon films when analyzing the NEXAFS data. Figures 5(a)-5(d) show the typical ERDA and RBS spectra that were simultaneously obtained for the a-C:H films. The peaks related to the hydrogen, carbon, and silicon atoms appear on the spectra. The H peaks on ERDA spectra derived from the a-C:H films were profiled using an ERDA fitting calculation package (Nissin High Voltage ERDA ver. 1.55) by comparing the peak intensities of H and C elements. The C and Si peaks on RBS spectra derived from the a-C:H films and substrates were profiled using the RBS fitting calculation package (Nissin High Voltage ERNIE ver. 1.0). The estimation error of fitting process was around 0.5 at.% for this study.
H Content Measurement of a-C:H Films by ERDA/RBS.
From the results of the ERDA and RBS spectra, the atomic fractions of hydrogen in A, B, C, and D are 26, 31, 33, and 33 at.%, respectively. These results demonstrated that the hydrogen content of the a-C:H films is 50-60% of that of the C 6 H 6 source gas. Hence, the incorporation of source gas into the film structure may be negligible; therefore, the obtained amount of hydrogen content can confirm that the a-C:H film is the DLC film. The hydrogen atom must bond to the carbon atom and then form a C-H bond. From Figure 4 , the hydrogen content increases with the increase of the film thickness. In addition, the stable hydrogen configuration within the carbon matrix reduced the degree of graphitization [4] , which corresponded to a significant decrease of sp 2 content in the films in the NEXAFS measurement. However, in this work, the bias voltage was fixed at −0.4 kV; thus, the increment of the hydrogen is caused only by the increase of the thickness from 55 to 143 nm. It was suggested that the hydrogen content may be saturated at a longer deposition time.
Furthermore, it has been reported that the total gas pressure and negative bias voltage affected the hydrogen incorporation in the film [31] [32] [33] . From the ERDA and RBS results, it was confirmed that 2.5 MeV-He + irradiation promotes dehydrogenation of films without structural transfer from sp 3 to sp 2 hybridization [25] . However, these results suggest that the size of the clusters (a small cluster of the sp 2 site) in the films is limited by the hydrogen termination, and the cluster size can be decreased with the increase of the hydrogen content as a function of the film thickness.
Conclusions
The compositions and bonding states of a-C:H films were evaluated using NEXAFS and ERDA/RBS measurements. The sp 2 contents in the films were slightly decreased, whereas the hydrogen contents were increased with the increase of the film thickness from 55 to 143 nm. In addition, the features of C K-edge NEXAFS spectra distinctly exhibited the promotion of the transitions of the * (C=C), * (C-H), * (C=C), and * (C≡C) states and the suppression of the transitions of the * (C≡C) and * (C-C) states as the thickness increases. This investigation successfully evaluated the composition and bonding state in the a-C:H films at various thicknesses. Synchrotron Light Research Institute (Public Organization), Thailand, for NEXAFS measurement.
